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Elastic differential, integral, and momentum-transfer cross sections are reported for electron scattering by
GeH4 at impact energies ranging from 0.2 to 100 eV. The Schwinger iterative variational method in the
fixed-nuclei, static-exchange plus correlation-polarization approximation is used to calculate the scattering
amplitudes. Large-angular-momentum contributions from the correlation-polarization potential to the scatter-
ing amplitude are taken into account via a closed formula for higher incident energies. We have observed aT2
shape resonance in the ICSs and MTCSs at around 3.0 eV and we have predicted a Ramsauer-Townsend





















































In spite of its importance in the chemistry of low
temperature plasmas and in the physics of semiconduc
@1#, electron scattering by germane has so far received l
attention, either experimentally or theoretically. On the ot
hand, the demand on reliable cross sections for electron s
tering by polyatomic targets has grown continuously a
such quantities have been needed for several practical a
cations. In contrast with other group-IV tetrahydrides~such
as CH4 and SiH4), which have been subjects of extensi
theoretical and/or experimental investigations in the field
electron-molecule collisions, only a few experimental stud
on e2-GeH4 elastic scattering have been reported in the
erature. Dillonet al. @2# have determined elastic and vibr
tionally inelastic cross sections fore2-GeH4 collisions for
incident energies between 1 and 100 eV. To our knowled
this is the only report on differential cross sections for t
molecule. Recently, absolute total cross sections
e2-GeH4 collisions have been measured using the lin
electron transmission technique by Karwasz@3# at interme-
diate~between 75 and 4000 eV! energies and by Mozejkoet
al. @4# for impact energies ranging from 0.75 to 250 eV.
From a theoretical point of view, the studies one2-GeH4
elastic scattering have been equally scarce. Differential c
sections ~DCSs!, momentum-transfer cross sectio
~MTCSs!, and integral cross sections~ICSs! for elastic
e2-GeH4 collisions have been calculated in recent years
few different levels of approximation. Winsteadet al. @5#
reported elastic DCSs, calculated within the static-excha
~SE! approximation, from 5 to 20 eV using the Schwing
multichannel method. The Schwinger multichannel meth
using pseudopotentials, also at the SE level, was applie
Bettegaet al. @6# to study elastic scattering of electrons b
GeH4 molecules. Beyond the SE level, model potentials h



















interaction potential have been taken into account via an
proximated local function. Using a spherical effective pote
tial in a static-exchange-polarization~SEP! approximation,
Jainet al. @7# studiede2-GeH4 scattering in the energy rang
1–100 eV. Total~elastic plus inelastic! cross sections for
e2-GeH4 collisions have been calculated by Balujaet al. @8#
using a spherical complex optical potential.
In this work we report calculated DCSs, ICSs, a
MTCSs for elastic scattering of electrons by GeH4 for inci-
dent energies ranging from 0.2 to 100 eV. Our scatter
amplitudes are calculated using the Schwinger variatio
iterative method~SVIM! @9#, a tool capable of providing
highly converged estimates of the partial-waveT-matrix el-
ements and scattering wave functions. In recent years
SVIM has been widely used for calculations on elas
electron-molecule scattering@10–15# and molecular photo-
ionization @16–19#. It provides continuum wave function
that are shown to converge to the exact solutions for a gi
projectile-target interaction potential@20#. Fully ab initio cal-
culations using the SVIM have led to reliable cross sectio
and other related parameters over a wide range of incid
energies, in a number of previous applications. Howev
except for a study on photoionization of methane@16#, the
use of the SVIM was until recently limited to linear an
planar polyatomic molecular targets. In addition, those ap
cations of the method have been restricted to the SE leve
approximation. On the other hand, accurate description
the electron-molecule collision dynamics at the low-ene
range usually require treatments beyond the SE le
namely, an appropriate balance of electrostatic, excha
and correlation-polarization potentials@21#. Yet the inclusion
of polarization effects has shown to produce elastic cr
sections qualitatively different from the SE value at low e
ergies@22#. We have recently extended our SVIM codes
order to treat nonplanar molecules with symmetry reduci































PRA 59 1209ELASTIC SCATTERING OF ELECTRONS BY GeH4 IN . . .polarization contribution to the electron-molecule interact
potential has been included, following a prescription reco
mended by Padial and Norcross@23#. This extended version
of our codes was applied to study elastic electron scatte
by CH4 @22# and SiH4 @24#, the results of both application
being very encouraging. Due to computational limitatio
however, the range of incident energiesE0 in our previous
studies has been rather restricted, namely,E0<50 eV, the
limitation being imposed on the number of partial wav
employed in the single-center expansions of the SVIM.
our knowledge, the present work constitutes the first st
on e2-GeH4 collisions beyond the SE level, with the inte
action potential being derived from fully molecular wav
functions. Also, in order to consider incident energiesE0
>60 eV, higher-order angular-momentum phase shifts
included in the calculation of the scattering amplitudes vi
closed formula.
The organization of this paper is the following. In Sec.
the theory of the SVIM is briefly described and some deta
of the calculations are given. Our calculated cross sect
and a discussion are presented in Sec. III. We concl
briefly in Sec. IV.
II. THEORY AND CALCULATION
The Schro¨dinger equation for the continuum scatterin
orbitals can be written~in atomic units! as
@2¹21U~rW !2k2#CkW~rW !50, ~1!
where U(rW)52V(rW) and V(rW) is the interaction potentia
between the target and the scattering electron. Equation~1!






~6 ! , ~2!
with G0
(6) being the free-particle Green’s operator wi
outgoing-wave (G0
(1)) or incoming-wave (G0
(2)) boundary
conditions. In order to take advantage of the symmetry of
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pm( r̂ ) are generalized spherical harmonics, related





pm Ylm~ r̂ !. ~4!
Herep is an irreducible representation~IR! of the molecular
point group,m is a component of this representation, andh
distinguishes between different bases of the same IR co
sponding to the same value ofl. The coefficientsblhm
pm satisfy
important orthogonality conditions and are tabulated for
C2v and Oh groups by Burkeet al. @25#. The Schwinger
































(6) denoting trial scattering wave functions. Usin
partial-wave expansions similar to Eq.~3! for bothC̃kW
(6) and
the free-particle wave vectorFkW
(6) , a partial-wave on-shellT












wherek5ukW0u5ukW u for the elastic process.
The initial scattering wave functions can be expanded i
setR0 of L






~6 !pm~k!a i~rW !. ~7!
Using Eqs.~6! and~7!, variationalTk,lh; l 8h8
(6)pm matrix elements




i , j 51
N
^Fk,l 8h8
~7 !pmuUua i&@D ~6 !
21





~6 !5^a i uU2UG0
~6 !Uua j& ~9!
and the corresponding approximate scattering solution w





pm ~rW !1 (






# i j ^a j uUuFk,lh
pm &. ~10!
Converged outgoing solutions of Eq.~2! can be obtained via
an iterative procedure. The method consists in augmen












wherel c is the maximum value ofl for which the expansion
of the scattering solution~3! is truncated. A new set of partia





pm ~rW !1 (










(S0)(rW) is any function in the setR15R0øS0 andM
is the number of functions inR1 . This iterative procedure













1210 PRA 59M.-T. LEE, L. M. BRESCANSIN, AND L. E. MACHADOTABLE I. Cartesian Gaussian functions used in the SCF calculations. Cartesian Gaussian basis fu
are defined asfa,l ,m,n,A(r )5N(x2Ax)
l (y2Ay)
m(z2Az)
nexp(2aur2Au2), with N a normalization con-
stant.
s p d
Atom Expt. Coefficient Expt. Coefficient Expt. Coefficient
Ge 357500 0.000839 2345.000 0.0225140 74.8400 0.03039
53670.00 0.006264 554.2000 0.1833500 21.230000 0.17319
12300.00 0.032036 177.3000 0.860030 7.297000 0.44009
3512.000 0.127510 66.13000 0.343060 2.549000 0.56532
1161.000 0.391650 26.90000 0.506520 0.816500 1.00000
428.0000 0.545280 11.26000 0.261410 0.684000 1.00000
428.0000 0.181600 11.26000 0.067246 0.228000 1.00000
170.0000 0.622480 6.116000 0.372380 0.076000 1.00000
72.06000 0.248720 2.819000 0.617630
26.69000 1.000000 1.211000 1.000000
11.50000 1.000000 0.356800 1.000000
3.742000 1.000000 0.162100 1.000000
1.499000 1.000000 0.060840 1.000000
0.229200 1.000000 0.023000 1.000000
0.086750 1.000000 0.00000
0.023000 1.000000
H 33.6444 1.000000 1.00000 1.000000
5.05796 1.000000 0.50000 1.000000












f-converged scattering wave functions correspond, in fact
exact solutions of the truncated Lippmann-Schwinger eq
tion with the potentialU @20#.
In an actual calculation we compute the converged pa
waveK-matrix elementsKk,lh; l 8h8
pm(Sn) . TheseK-matrix elements
can be obtained by replacingD (1) by its principal valueD (P)
in Eq. ~8!. Hence the corresponding partial-waveT-matrix
elements can be calculated from
Tk,lh,l 8h8
pm~Sn!




By usual transformations, these matrix elements can be
pressed in the laboratory frame~LF!. The LF scattering am-
plitude f ( k̂8k̂08) is related to theT matrix by
f ~ k̂8,k̂08!522p
2T, ~14!
wherek̂08 and k̂8 are the directions of incident and scatter
electron linear momenta, respectively. The differential cr










Here a,b,g are the Euler angles that define the orientat
of the principal axes of the molecule. Finally, after som
angular-momentum algebra, the LF DCSs averaged over






whereu is the scattering angle. The coefficientsAL(k) in Eq.





2L11 (p,m,l ,h,l 8,h8,m,m8














3~ l 10l0uL0!~ l 180l 80uL0!~ l 12m1lmuL2M !
3~ l 18m18l 8m8uLM !, ~17!
where (j 1m1 j 2m2u j 3m3) are the usual Clebsch-Gordan coe
ficients and the auxiliary amplitudesalh,l 8h8




























































i l 82 lA2l 811Tk,lh; l 8h8
pm~Sn! . ~18!
In our studyU is an optical potential that includes both a
exact static-exchange part and a model correlati
polarization~CP! contribution. Following the prescription o
Padial and Norcross@23#, this contribution is introduced in
the potential through a parameter-free model that comb
the target correlation calculated from the local electron-
theory for short distances with the asymptotic form of t







wherea0 is the spherical part of the molecular dipole pola
izability. In our calculations the experimental valuea0
544.353a0
3 was taken@26#. For energiesE0>60 eV, an ad-
ditional term that accounts for the contributions of angu
momenta higher thanl c is included in the scattering ampl
tude calculation as
f ~ k̂8,k̂08!5 (
l ,h,l 8,h8
l c ,l c8





2ik (l 5 l c11
l max
~2l 11!~e2id l21!Pl~cosu! ~21!




~2l 21!~2l 11!~2l 13!
. ~22!
The self-consistent-field~SCF! wave function for the ground
state was obtained using the contracted Gaussian basi
shown in Table I. At the equilibrium Ge-H bond distan
(RGe2H52.8857 a.u.) this basis set gives a SCF energy
22123.2697 a.u. In the present calculation the cutoff
rameter used in the expansions of the target bound orb
and the static-plus CP potential isl c518. All possible values
of h< l are retained. With this cutoff, the normalization of a
bound orbitals is better than 0.999. In SVIM calculations,
have limited the partial-wave expansions tol c518 for ener-
gies E0>60 eV, l c516 for 20<E0,60 eV , andl c512
for lower energies. In addition, specifically forE0560 eV
andE05100 eV, higher-angular-momentum phase shifts
to l max5200 were used in Eq.~21!. In order to verify the
convergence of our partial-wave expansions, cross sect
for E0560 eV andE05100 eV were calculated conside
ing the cutoff parametersl c516 andl c518. No significant
differences have been noticed in the cross sections calcu
with l c516 andl c518 for both energies, thus ensuring th
convergence of our partial-wave expansions.
The discussion of the convergence in the iterative pro
dure is also interesting in itself. In the present calculations















sums is better than 0.1% within six iterations for all scatt
ing symmetries and for all energies considered herein.
III. RESULTS AND DISCUSSION
We have selected representative results on DCSs, mo
where experimental data and/or other calculations are av
able for comparison. The calculated DCSs fore2-GeH4 scat-
tering in the~1–100!-eV incident energy range are shown
Figs. 1–5, along with the experimental results of Dillonet al.
@2# ~see also Table II!. Theoretical cross sections of Ja
et al. @7#, Winsteadet al. @5#, and Bettegaet al. @6# are also
included for comparison, whenever available. In gene
there is good qualitative agreement between our calcula
results and the measured data@2#. Quantitatively, the bes
agreement between our data and experiment is observe
energies from 5 to 10 eV. At lower energies, our theo
overestimates significantly the DCSs. This discrepancy
somewhat expected and is attributed to the failure of
fixed-nuclei approximation when applied to electro
molecule scattering near resonances. Only calculations
explicitly account for nuclear vibrational motions can r
move these discrepancies@28#. In the present case, as we w
see below, there is a strongd-wave (l 52) shape resonanc
in the T2 scattering channel at incident energies near 3
For incident energiesE0> 15 eV, our theory overestimate
the DCSs for intermediate and large scattering angles.
reason for this disagreement is the existence of absorp
ffects, not included in the present investigation. As know
at impact energies above excitation and ionization thresh
the flux of the scattered electrons is distributed over all op
channels, consequently resulting in a reduction of the fl
corresponding to the elastic scattering.
When compared with other calculations, the SE-level
FIG. 1. DCSs for elastice2-GeH4 scattering at an impact en
ergy of ~a! 1 eV and~b! 2 eV. Solid line, present results; shor
dashed line, spherical SEP results of Jainet al. @7#; full circles,



















1212 PRA 59M.-T. LEE, L. M. BRESCANSIN, AND L. E. MACHADOsults of Bettegaet al. @6# agree quite well with our theoreti
cal data wherever the comparison was possible, excep
small scattering angles where their calculations cannot re
duce correctly the enhancement of DCSs in the forward
rection. Although the calculations of Winsteadet al. @5# and
Bettegaet al. @6# are on the same level of approximatio
significant differences between their results can be obse
at some energies. On the other hand, the calculated resu
Jainet al. @7# using the spherical SEP potential show a de
minimum at around 120° for incident energiesE0,10 eV.
FIG. 2. Same as Fig. 1, but for~a! 3 eV and~b! 5 eV. Long-
dashed line, SE results of Winsteadet al. @5#.
FIG. 3. Same as Fig. 2, but for~a! 7.5 eV and~b! 10 eV. Dashed






This well pronounced minimum results from the lack of no
spherical components of the interaction potential in their c
culation. At higher energies, however, their results are
better agreement with the experimental data than ours.
have also calculated DCSs for incident energies below 1
as shown in Fig. 6. Unfortunately, neither other theoreti
nor experimental results are available for comparison in
energy range.
The present calculation does not account for relativis
effects. Nevertheless, the influence of these effects on
FIG. 4. Same as Fig. 3, but for~a! 15 eV and~b! 20 eV.
FIG. 5. Same as Fig. 1, but for~a! 60 eV and~b! 100 eV. Solid
line, present results withl c516; dashed line, present results wi
l c518; short-dashed line, spherical SEP results of Jainet al. @7#;






















PRA 59 1213ELASTIC SCATTERING OF ELECTRONS BY GeH4 IN . . .TABLE II. DCSs, ICSs, and MTCSs~in 10216 cm2) for elastice2-GeH4 scattering.
Angle E0 ~eV!
~deg! 1 2 3 5 7.5 10 20 60 100
0 11.37 22.81 30.80 36.20 47.49 54.15 76.72 72.46 96.
10 8.69 17.82 25.37 30.60 38.87 42.74 48.49 31.13 19.
20 4.45 9.92 16.72 22.17 26.00 26.30 21.16 5.33 2.8
30 2.00 5.11 10.63 15.57 16.57 15.46 8.53 0.650 0.5
40 0.821 2.79 6.68 10.11 9.46 8.01 2.80 0.507 0.4
50 0.464 2.40 4.82 6.39 5.06 3.74 0.890 0.604 0.3
60 0.635 3.18 4.41 3.99 2.63 1.67 0.647 0.464 0.3
70 0.994 4.29 4.76 2.85 1.73 1.10 0.711 0.252 0.1
80 1.33 5.03 5.10 2.50 1.61 1.17 0.680 0.160 0.74
90 1.44 4.86 4.73 2.30 1.61 1.28 0.542 0.106 0.05
100 1.36 3.92 3.72 2.03 1.54 1.25 0.408 0.109 0.1
110 1.11 2.57 2.40 1.63 1.39 1.11 0.347 0.16 0.24
120 0.768 1.34 1.39 1.34 1.30 1.02 0.325 0.118 0.2
130 0.465 0.822 1.32 1.41 1.28 0.925 0.320 0.092 0.1
140 0.243 1.20 2.43 2.05 1.43 0.914 0.326 0.075 0.0
150 0.126 2.36 4.52 3.19 1.72 0.971 0.361 0.106 0.0
160 0.100 3.81 6.87 4.50 2.03 1.02 0.432 0.180 0.0
170 0.112 5.04 8.77 5.56 2.29 1.09 0.501 0.277 0.1
180 0.124 5.56 9.54 5.96 2.40 1.14 0.552 0.297 0.1
ICS 14.25 45.92 63.31 60.01 54.30 47.57 30.65 12.10 8.8


















c-calculated cross sections can be estimated through the
parison with the calculated DCS of Bettegaet al. @6#. Rela-
tivistic effects are somehow included in the pseudopotent
used in their studies. The good agreement between the
of these two calculations, except at small scattering an
~where the polarization effects are more important!, is an
indication that the influence of the relativistic effects is sm
for a molecule as heavy as germane. Indeed, a theore
study by Lam@29# on the relativistic effects in elastic elec
tron scattering by krypton, an isoelectronic system of g
mane, has also led to the same conclusion.
In Figs. 7 and 8 we compare our calculated ICSs a
MTCSs, respectively, with the calculated results of Jainet al.
FIG. 6. Present DCSs below 1 eV. Solid line, 0.8 eV; lon








@7#, Winsteadet al. @5#, and Bettegaet al. @6#, as well as with
the measured elastic ICSs and MTCSs of Dillonet al. @2#
and with the total cross sections~TCSs! of Mozejkoet al. @4#
and Karwasz@3#. The corresponding data below 1 eV a
hown in the insets of the figures. Our results show a m
mum at around 0.6 eV and a strong resonance feature aro
3 eV. In order to identify the physical origin of these stru
tures, we have carried out an eigenphase analysis, whic
V.
FIG. 7. ICSs for elastice2-GeH4 scattering. Solid line, presen
results; short-dashed line, spherical SEP results of Jainet al. @7#;
dashed line, pseudopotential SE results of Bettegaet l. @6#; long-
dashed line, SE results of Winsteadet al. @5#; full circles, experi-
mental results of Dillonet al. @2#; open circles, absolute total cros
sections from Mozejkoet al. @4#; asterisks, absolute total cross se
























1214 PRA 59M.-T. LEE, L. M. BRESCANSIN, AND L. E. MACHADOshown in Fig. 9. The analysis of Fig. 9~a!, which shows the
eigenphase forl 50 (S wave!, indicates that the minimum
at around 0.6 eV is actually a Ramsauer-Townsend~RT!
minimum. Also the eigenphase sums for theC2v-reduced
components (A1 , B1 , andB2) of the T2 scattering channe
seen in Figs. 9~b!–9~d! show a shape resonance around 3
in this channel. The calculated position of this resonanc
in good agreement with that observed in the measured IC
MTCSs, and TCSs. In addition, our calculated ICSs a
MTCSs agree qualitatively with the measured data of Dil
et al., @2# although they lie systematically above them.
general, the agreement in MTCSs is better than in the IC
Also, our ICSs are in very good agreement with the exp
mental TCSs of Mozejkoet al. @4# for energies E0
<20 eV. Comparing with other theoretical results, the IC
and MTCSs of Jainet al. @7# agree quite well with our data
except at around the resonance region. As expected, th
ICSs of Winsteadet al. @5# and Bettegaet al. @6# lie system-
atically below our data. However, very good agreemen
seen in the comparison of their MTCSs and ours.
FIG. 8. MTCSs for elastice2-GeH4 scattering. The symbols ar















In summary, we have reported the results of DCSs, IC
and MTCSs fore2-GeH4 scattering over a wide range o
incident energies. In general, our calculated results are
good agreement with experimental data reported in the
erature. We have observed aT2 shape resonance in the ICS
at around 3.0 eV. The position of this resonance is in acc
dance with experimental findings. In addition, our model w
also able to predict a RT minimum in the ICSs and MTC
at around 0.6 eV.
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FIG. 9. ~a! Eigenphase for thel 50 (S-wave! component in the
~0.1–1!-eV range; ~b!, ~c!, and ~d!, eigenphase sums for th
A1 , B1 , and B2 components of theT2 scattering symmetry, re-
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